Objectives: To determine the prevalence of expression and function(s) of Bacteroides fragilis RND family efflux transport systems (bmeABC1-16).
Introduction
The importance of efflux pumps in antimicrobial resistance, either alone or via interplay with decreased outer membrane porin expression, has been described for many aerobic Gram-negative bacteria. 1 In many bacteria, efflux pumps expressed at basal levels confer low-level protection and enable the bacteria to survive exposure to sub-clinical levels of antimicrobial agents. [2] [3] [4] Expression of efflux systems with overlapping substrate profiles in Pseudomonas and Escherichia coli appears to be regulated in a coordinated fashion. 5, 6 Bacteroides fragilis is intrinsically resistant to several classes of structurally unrelated antibiotics, 7 and the mechanisms are often poorly understood. Clinically, B. fragilis has exhibited increasing resistance to many antibiotics including cefoxitin, clindamycin, metronidazole, carbapenems and the newer fluoroquinolones (including gatifloxacin, levofloxacin and moxifloxacin). Data from other Gram-negative bacteria including Pseudomonas aeruginosa have shown that RND-efflux systems can be a major cause of clinically relevant multidrug resistance (MDR). 8 In contrast, very little is known about efflux pumps in anaerobic bacteria. Aside from our recent work describing RND pumps in B. fragilis, 9 there are two reports indirectly implicating efflux pumps in B. fragilis in antimicrobial resistance including resistance to norfloxacin; 10, 11 also, a multidrug and toxic compound extrusion (MATE)-type efflux system has been characterized in Bacteroides thetaiotaomicron. 12 When we began these studies, we had identified four RND pump homologues in B. fragilis and named them bme (Bacteroides multidrug efflux) pumps. The presence of multiple pumps made analysis of their function difficult, so we decided to construct unmarked single and combined pump deletants of these strains in order to analyse the contributions of each pump to antimicrobial resistance. The specific bmeB efflux pump genes (bme1, bme5, bme12 and bme15) were targeted for deletion as they were identified. Since BmeB1 is the efflux pump most homologous to the Pseudomonas MexB efflux pump (an RND pump often associated with antimicrobial resistance), it was reasonable to postulate that it might be similarly involved in B. fragilis. When we later identified bmeB3 and found that disruption of the gene caused changes in MICs, we included bmeB3 in our scheme of constructing deletants. Subsequently, we identified a total of 16 homologues of the P. aeruginosa mexAB-oprM operon in B. fragilis. 9 We have named them BmeABC1-16, respectively, where A is the membrane fusion protein for each of the sixteen systems, B is the efflux pump protein and C is the outer membrane protein (OMP). The usual nomenclature of RND efflux systems uses different letters for different systems. 2, 4 However, due to the sheer number of RND family efflux pump systems in B. fragilis, we have opted to use the same letters for all systems with numeric differences for different systems. Although we are aware that this nomenclature deviates slightly from what is conventionally used, we believe that it is logical and that it makes identifying the RND system in question and its genomic localization easier. All the RND efflux systems can thus be distinguished numerically ranging from BmeABC1 to BmeABC16. Our preliminary data using the broad-spectrum efflux pump inhibitors (EPIs) carbonyl cyanide m-chlorophenylhydrazone (CCCP) and reserpine to determine MICs for a single bmeB3 deletant, laboratory mutants overexpressing bmeB efflux pump genes and multidrug-resistant clinical isolates have demonstrated that BmeB efflux pumps can accommodate structurally unrelated antimicrobial agents to cause resistance, which is reducible by EPIs.
The aims of this study were: (i) to measure expression of bmeB efflux pump genes in a wild-type strain of B. fragilis; (ii) to create single and multiple deletion mutants in order to determine their contributions to intrinsic antibiotic resistance and/or expression of other RND pumps; and (iii) to correlate patterns of efflux pump expression with specific antibiograms.
Materials and methods

Bacterial strains, media and growth conditions
The bacterial strains and the plasmids used in this study are listed in Table 1 . The eleven B. fragilis test strains used for experiments were derived from strain ADB77 [Wadsworth Anaerobe Laboratory Collection (WAL) # 108], a derivative of B. fragilis 638R that was optimized for use in constructing deletion mutants using a two-step recombination procedure.
13 B. fragilis 638R is the strain generally used in research laboratories for genetic manipulations and has been sequenced at the Sanger Genome Campus (Hinxton, UK) as part of the B. fragilis genome sequencing project. The B. fragilis ATCC type strain (ATCC 25285 = WAL 3501) has also been sequenced by the Sanger Centre and was used as a control for MIC determinations as specified by the Clinical Laboratory Standards Institute (formerly NCCLS).
14 Strains were cultured under anaerobic conditions (5% CO 2 , 10% H 2 and 85% N 2 ) at 37 C for 24-48 h in brain heart infusion broth (MP Biomedical, Aurora, OH, USA) supplemented with 0.5% yeast extract and 15 mg/L haemin (BHIS) 13 or in anaerobic minimal medium with 0.5% glucose (AMMgluc). 13 Haemin stock solution (0.5%) was prepared by dissolving 0.5 g of haemin chloride (Fisher Scientific, Fairlawn, NJ, USA) in 100 mL of 0.1 M NaOH (Sigma, St Louis, MO, USA). Thymine (50 mg/L; Sigma) was added for growth of Thy -strains (i.e. WAL 108 and its derivatives). For susceptibility testing, strains were resuspended in brucella broth and cultured on brucella blood agar plates. All antimicrobial agents used were obtained from Sigma. All test agents were dissolved and used according to the manufacturers' instructions.
Bioinformatic analysis of efflux operons
The 16 RND-type efflux operons were identified on the genome and proteome sequences of B. fragilis (http://www.sanger.ac.uk/Projects/ B_fragilis/; http://www.expasy.org/sprot/hamap/BACFR.html) by tBLASTN searches against the P. aeruginosa mexAB-oprM operon, as described previously. 9 The putative pump proteins were aligned with each other to determine their conserved motifs using GeneDoc v2.5.010; their secondary structure folding was determined by TMHMM v.2.0 and their tertiary structure by threading the sequence on the AcrB-crystal structure using SWISS-MODEL (http://au. expasy.org/tools/).
DNA extraction
Total cellular chromosomal DNA was isolated from strains cultured in BHI broth containing 5% thymine (3 mL). The strains were incubated for 24 h under anaerobic conditions. Aliquots of the cultures (1 mL) were centrifuged at 5000 g. The resulting pellet was resuspended in 180 mL of buffer ATL supplied with the kit, and the extraction continued according to the DNeasy Tissue kit (Qiagen, Valencia, CA, USA).
Construction of efflux pump deletion mutants
In-frame deletions of bmeB genes were constructed by a two-step double cross-over technique with either the pYT102 or pADB242 suicide vectors (both gifts from Dr Michael Malamy, Tufts University School of Medicine, Boston, MA, USA). 13 Briefly, $800 bp fragments of the upstream and downstream regions (including $50-100 bp of the beginning and end of the gene to be deleted) of the gene in question were amplified using specific primers to which appropriate restriction sites were added for subsequent cloning into the suicide vector (Table 1) . Oligonucleotide sequences were based on sequence data obtained from the B. fragilis NCTC 9343 (ATCC 25285) preliminary genome sequence produced by the Pathogen Sequencing Group at the Sanger Centre (http://www.sanger.ac. uk/Projects/B_fragilis).
Competent E. coli DH5a were prepared by the RbCl method, 15 transformed with the plasmid construct by heat-shock and transformants selected with chloramphenicol. The resultant clone containing the plasmid with the 'up-down' sequence was mobilized into B. fragilis ADB77 using E. coli DH5a and the broad host range mobilizer plasmid pK2317 in a three-part mating protocol. 13 The suicide vector pYT102 contains the B. fragilis thyA gene and tet R ; recombination at the specific efflux site results in thymine prototrophy (and consequent trimethoprim susceptibility) and tetracycline resistance in the recipient. Cointegrants were selected on plates containing gentamicin (50 mg/L), rifampicin (50 mg/L) and tetracycline (2 mg/L) and confirmed by colony PCR using primers designed to detect the recombinant junction. Cointegrant strains were maintained on media with tetracycline.
Cointegrants were subcultured for overnight growth in BHIS broth without antimicrobial selection and then plated on minimal media containing thymine and trimethoprim to select for the second recombination event. Trimethoprim-resistant colonies were screened to confirm that they were tetracycline susceptible and further screened by PCR with sets of both internal and junction primers to confirm that they were the desired deletion resolution products. Putative deletants were sequenced to confirm that they had the expected deletion junction. 13, 16 Four sets of deletants were created: single deletants of bmeB3, bme12 and bme15, double deletants of bmeB1 and bmeB12, and bmeB12 and bmeB15, triple deletants of bmeB1, bmeB12 and bmeB15, and bmeB1, bmeB3 and bmeB12 and a quadruple deletant of bmeB1, bmeB3, bmeB12 and bmeB15. Deleted genes were verified by DNA sequencing of the deletion junction and RT-PCR to verify that there was no expression of the gene in question.
RNA extraction
Total cellular RNA was isolated from strains cultured in BHI broth containing 5% thymine using the RNeasy-RNA Protect TM (Qiagen) method with on-column DNase treatment. The strains were incubated for 2 h under anaerobic conditions to a mid-log phase of growth (OD 600 = 0.4). Aliquots (3 mL) were mixed with an equal volume of RNA-Protect TM and the extraction continued according to manufacturer's instructions. The absence of any contaminating DNA was verified by a standard PCR reaction performed on the RNA samples. The integrity of the extracted RNA was checked on a 1.5% agarose gel and by measuring the OD 260/280 ratio. The samples were quantified by OD 260 measurement and the measurement converted into ng/mL.
Detection of gene expression by reverse transcription (RT)-PCR
Gene expression was detected by PCR end-point analysis on an agarose gel. Briefly, first strand synthesis of the RT-PCR reactions was performed with Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) with 200 ng of RNA and 50 ng of random primers (Invitrogen). Second strand synthesis was performed using gene-specific primers (Table 2 ) at a final concentration of 1.0 mM each. The PCR parameters were: initial denaturation at 95 C for 5 min, followed by 30 cycles of a three-step reaction of denaturing at 95 C for 1 min, annealing at 55 C for 1 min and extension at 72 C for 1 min, ending with a final extension at 72 C for 10 min.
Quantification of gene expression by comparative quantitative real time RT-PCR
Gene expression was quantified by threshold analysis of SYBR Green dye incorporated during the exponential phase of PCR. bmeB1 (HindIII)-forward GCC CGA AGC TTA GCG AAC GTA ATG TGG ATT TG this study bmeB1 (NcoI)-reverse ACA TGC CAT GGG GAG TGA TCT GCG GAT ACT GGT this study bmeB1 (NcoI)-forward ACA TGC CAT GGG GTT CCA TTC TTC TTT GTG C this study bmeB1 (BamHI)-reverse ACC GCG GAT CCC CGA CAG GTA ACT CTT GTG AGA this study bmeB1 junction-forward AAG AAG TGG TGG TGG AAG GGT A this study bmeB1 junction-reverse ATC TCC GAA ACT CAA GCT GCT C this study bmeB1 internal-forward AGT GGT GGA AAA TGT AGA GCG TA this study bmeB1 internal-reverse CTG GCA ATT CCA ACT CTA TCT TG this study bmeB3 (HindIII)-forward GCC CGA AGC TTG AAA TGG CTG AAA ATA CAC TTG C this study bmeB3 (NcoI)-reverse ACA TGC CAT GGC CTA ACA CAC CCA GAA TCA CTA this study bmeB3 (NcoI)-forward ACA TGC CAT GGG AAA CCT ATT GAA TGG GAA GAC A this study bmeB3 (BamHI)-reverse ACC GCG GAT CCT TTG ATA GTC TGT GGT GCTVTGT G this study bmeB3 junction-forward AAT CTC ACC GAC GGA CAA AAC TA this study bmeB3 junction-reverse ATA CCA GTG TAT AGG CAA CAG AT this study bmeB3 internal-forward ATT GAT CGG TAC ATT CTT TGT GC this study bmeB3 internal-reverse TGC CAT AAT CGT TCC TGT ATC TT this study bmeB12 (HindIII)-forward GCC CGA AGC TTA TCG CAC AAC CTT TTC GTA CCT this study bmeB12 (NcoI)-reverse ACA TGC CAT GGC CAG CAC CAA CAC CAA TAA TA this study bmeB12 (NcoI)-forward ACA TGC CAT GGT GTT TGT GAC TCC GGC ATT AT this study bmeB12 (BamHI)-reverse ACC GCG GAT CCT AAC CGG GAG CAG AAT AGC TTC this study bmeB12 internal-forward TAT TCG CTG GAT GAT ATT CTG G this study bmeB12 internal-reverse TTG TCA ACC AAC ATT CCC ATA G this study bmeB15 (HindIII)-forward CAG GAA GCT TGC ACA AGT GGA GCG TAA CAA ACG bmeB15 (NcoI)-reverse CGT TCC ATG GCG ATC AGC AAT ACA GCC AGA AAG this study bmeB15 (NcoI)-forward CCA GCC ATG GGT ATG CTT CCA TTG CTG TTC GAC this study bmeB15 (BamHI)-reverse GCT TGG ATC CGG GCT TCG CTC TTC TGT ATG TTG this study bmeB15 internal-forward CGA ACG CAT CAA AAC ACA GGT AG this study bmeB15 internal-reverse AAT GAT AAA TCC CGC AAG TGA CG this study Expression analysis BF16S rRNA-forward AGG TTG TTG GTG AGG TAA GC this study BF16S rRNA-reverse CCA ATA TTC CTC ACT GCT GC this study bmeB1-forward ACA TTG ATG TCG TCC GAT CC this study bmeB1-reverse CGA TAT TCG ACA CAC GTC CT this study bmeB2-forward CAA TCT TGG TTA CCG GAA CC this study bmeB2-rev CCA GAT TCA ACT GAG CGT AG this study bmeb3-forward GTA CCG GAA GTT CAA GGT GT this study bmeB3-reverse GAG CAG CCT CGA TAT TCT GT this study bmeB4-forward TCC TGG CCA ACT ATA TCA GC this study bmeB4-reverse ATC AGC CGG TAT TGT GCC AT this study bmeB5-forward TTC GAT TAT CGG AGC CGA GA this study bmeB5-reverse CAC ATC GCG CAG ATA GAC AT this study bmeB6-forward CCA TCA AGA TGT CCG GTT AC this study bmeB6-reverse TTC TGC AGT GTG CAT CAG TC this study bmeb7-forward AAC TCG ATC CGG AAC GTA TG this study bmeB7-reverse AGA GTA CAC CAC GCA CAA TG this study bmeB8-forward ACG ATG GCA GAC TGG ACT AT this study bmeB8-reverse CGT CTA TGA CCT CGT TCA AG this study bmeB9-forward CAT GTC TGT CGG AGT CTC CA this study bmeB9-reverse GGA AGC ATA CCG ACA AGA GT this study bmeB10-forward AGA TTC AAT CGG TAG CCG GA this study bmeB10-reverse CAG TCT TGA ATG GTG CGT AG this study bmeB11-forward TAC GGA CCT GGC ATT CAT AG this study bmeB11-reverse CTG CTG ATC CTG CTC TTC AT this study
Briefly, a one-step real-time RT-PCR was performed with the Cepheid SmartCycler Ò using the Quantitect Ò SYBR Ò Green onestep RT-PCR kit (Qiagen). RNA expression was normalized to the parental strain by using 16S rRNA. Primers were designed to amplify products between 130 and 170 bp in size (Table 2 ) and were added to the reactions at a final concentration of 1.0 mM each. For a one-step real-time RT-PCR (i.e. cDNA synthesis and second strand synthesis), RNA was added to the reaction tubes at a final amount of 200 ng/reaction, except for the 16S rRNA reaction tube where a final amount of 200 pg/reaction was used. Expression levels were measured as an amount of cDNA as extrapolated by a cycle threshold (C t ) value from the real-time PCR standard growth curve. The C t was the cycle number at which the growth curve attained exponential growth and was thus the highest concentration of RNA template. In order to rule out any non-specific products resulting from primer dimers, melting curve analysis of the amplified products was performed. Expression results were quantified by the comparative threshold (C t ) approximation method, 17 using the assumption that the PCR growth curve efficiency for all reactions is 100% and that the DNA concentration doubled at each cycle:
ðCtdeletant-Ct16S rRNAÞ Data were analysed by Student's t-test and a value of P < 0.05 was considered significant. A ‡2-fold change in expression compared with the parental strain was considered significant.
Susceptibility testing
The spiral gradient endpoint (SGE) method, which can differentiate small changes in the MIC, 18 was used to measure the antibiotic susceptibilities of the strains. Susceptibility patterns of the parental strain and the deletants were measured for 27 antimicrobial agents. Selected stock concentrations of antimicrobial agents were deposited onto brucella blood agar plates in a spiral pattern using the spiral plater (Autoplate 4000, Advanced Instruments; Norwood, MA, USA) resulting in a radially decreasing concentration gradient from the centre to the outside of the plate. Bacterial strains were resuspended in brucella broth to a density equivalent to that of a 0.5 McFarland standard and deposited on the plates. The plates were incubated for 24-48 h at 37 C under anaerobic conditions. The distance from the centre of the plate to the point where growth began was measured and the SGE computer software was used to convert these values into MIC values (mg/L). Susceptibility studies were performed on at least three independent occasions. A ‡1.5-fold difference in susceptibility was considered significant. Since intrinsic antibiotic resistance often involves interplay between efflux and at least one other mechanism, MIC changes due to only one of these mechanisms may cause changes as small as 1.5-to 2-fold. 19 Such small changes are usually missed in the NCCLS doubling dilution method but are detectable with the SGE TM method since the degree of accuracy is -0.26 of a 2-fold dilution (compared to the -one 2-fold dilution accuracy of the standard NCCLS agar dilution method). 20 In order to reflect the accuracy of the MIC differences as determined by the SGE method, data were recorded to 1 or 2 decimal places.
Results
Bioinformatic analysis of RND efflux systems in B. fragilis
Bioinformatic analysis revealed that all the efflux pumps had the typical 12 transmembrane (TM) helical domains, except for BmeB16, which had 16 TM helical domains. The efflux pumps also had conserved amino acids between residues 1500 and 2140, including Gly-1503, Pro-1528, Ser-1573, Phe-1611, Pro-1612, Leu-1655, Gly-1680, Glu-1929, Pro-1980, Gly-1989 and Pro-2016. All the predicted BmeB proteins also had an AcrB-like tertiary structure (>25% homology) as shown by SWISS-MODEL. The bmeABC11 operon also had an additional efflux pump gene bmeB11 0 . Since the genome sequence of B. fragilis has been shown to have a degree of DNA sequence repeats, 21, 22 we wondered if some of these efflux pumps might be simply duplications of others. Comparative analysis of the amino acid sequences and genetic organization of these efflux systems revealed that none of the RND efflux systems was repeated (data not shown).
RND efflux pump deletion mutants
Single deletants of bmeB3 (ADB77DbmeB3) (WAL 243), bmeB12 (ADB77DbmeB12) (WAL 165) and bmeB15 (ADB77DbmeB15) (WAL 140) were created. Double and triple deletants, respectively, were constructed from the single and double deletant strains as indicated in Table 1 . Strain WAL 
Efflux pumps and regulators in Bacteroides fragilis
189-tetR (ADB77DbmeB1DbmeB12DbmeB15-type II) arose from WAL 189-tetS (ADB77DbmeB1DbmeB12DbmeB15-type I) spontaneously upon repeated subculture in the laboratory without any antibiotic pressure ( Table 1) . Construction of all possible deletion combinations of the four pumps studied were attempted, usually at least twice. In general, if we were able to obtain the intermediate construct in which the modified suicide vector was integrated into the chromosome, we were able to carry through the second recombination step and obtain the deletant strain.
Expression of RND efflux pumps in B. fragilis
All RND efflux genes except bmeB9 were expressed at detectable levels in the parental strain ADB77 (WAL 108). No expression changes of other bmeB genes were observed in single or double deletants of bmeB1, bmeB3, bmeB12 and bmeB15 (these include the double deletants ADB77DbmeB1-DbmeB12 and ADB77DbmeB12DbmeB15). However the triple deletant WAL 189-tetS (ADB77DbmeB1DbmeB12DbmeB15-type I) had a 2-fold increase in bmeB3 expression, and WAL 189-tetR (ADB77DbmeB1DbmeB12DbmeB15-type II) had a 5.8-fold increase in bmeB3 expression (P < 0.05) (Figure 1a ). This effect was not seen in the other two single deletants or in the two double deletants. Thus, apparently when up to any two of these three pumps are missing, no compensating increase of the bmeB3 pump is triggered. (Note: we were not able to obtain the bme1/15 double mutant, and we cannot rule out that this combination might result in an increase in bmeB3.) However, when all three pumps are missing, increased expression of bmeB3 is triggered, presumably to compensate for the reduced combined pump activity.
The simultaneous absence of bmeB1, bmeB3 and bmeB12 resulted in an increase in bmeB9 and a decrease in bmeB11 (Figure 1b ) in two constructs [WAL 215 (ADB77Dbme1Db-bme3DbmeB12) and WAL 219 (ADB77Dbme1DbmeB3Db-bmeB12DbmeB15)]. Again, the single deletants had no changes in pump expression. It appears that the double deletion of bmeB1 and bmeB12 can be compensated for by the presence of bmeB3, but when all three are missing, the expression of other pumps is affected. Since we were not able to obtain the bmeB1/B3 mutant, we cannot rule out the possibility that it is the absence of these two pumps alone that caused the change in bmeB9 and bmeB11. Also, in the quadruple mutant, in which bmeB15 was missing along with bmeB1, bmeB3 and bmeB12, bmeB16 was increased 2-fold (P < 0.05, Figure 1c) . Again, the ADB77DbmeB15 single mutant (WAL 140), the double mutant ADB77DbmeB12Db-bmeB15 (WAL 166) and the triple deletant ADB77DbmeB1/ 12/15 (WAL 189) do not exhibit this effect. We also noted that in both strains in which expression of bmeB11 was decreased, expression of bmeB11 0 was not affected (data not shown). The two triple deletants (WAL 189 and WAL 215) have different phenotypes: WAL 189 had an increase in bmeB3, and WAL 215 had an increase in bmeB9 and decrease in bmeB11. Although they were constructed separately, one can view these strains as having the same genetic background (missing bmeB1 and bmeB12) and differing only in the third pump deleted (bmeB15 in WAL 189 and bmeB3 in WAL 215). Again, while deletion of either of these pumps alone had no effect, the respective deletion of these two pumps had different effects, even in the same genetic background (i.e. the absence of bmeB1 and bmeB12). 
Susceptibilities of parental and deletant strains to antibiotics, detergents and dyes
MICs for parental and deletant strains of a variety of antimicrobials, detergents and dyes were determined using the SGE method. 20 The MICs are listed in Table 3 . The MICs for the single deletants WAL 140 (ADB77Dbme15) and WAL 165 (ADB77DbmeB12) and the double mutants WAL 166 (ADB77Dbme12DbmeB15) and WAL 187 (ADB77Dbme1Db-bmeB15) were also tested but were not significantly different from those of the parental strain. The triple deletant WAL 215 (ADB77DbmeB1DbmeB3DbmeB12) and the quadruple deletant strain WAL 219 (ADB77DbmeB1DbmeB3DbmeB12DbmeB15) were ‡1.5-fold more susceptible than the parental strain to cefoxitin, doripenem, ethidium bromide, faropenem, imipenem, meropenem, SDS and triclosan. Strain WAL 219 was also $2-fold more resistant to norfloxacin than the wild-type strain, possibly due to overexpression of bmeB16.
The single bmeB3 deletant ADB77DbmeB3 (WAL 243) was the only single deletant for which there were significant changes in some MICs. This mutant was ‡1.5-fold more susceptible to ampicillin, cefoxitin, cefoperazone, doripenem, faropenem, imipenem, gatifloxacin, meropenem, ethidium bromide, SDS and triclosan than the parental strain ADB77 (WAL 108). The triple deletant, strain WAL 189-tetS (ADB77DbmeB1DbmeB12-DbmeB15 type I), had no significant MIC changes compared with the parental strain, possibly due to the counteractive effect of bmeB3 overexpression. A spontaneous mutant of WAL 189 arose during these studies [189-tetR (ADB77DbmeB1-DbmeB12DbmeB15-type II)]. This strain had increases in MICs of ampicillin (2.6-fold), cefoperazone (3.4-fold), cefoxitin (1.8-fold), tetracycline (36.4-fold), SDS (1.7-fold) and triclosan (2-fold). This strain had extremely high tetracycline resistance but did not overexpress tet(A)Q2, the other likely causative gene (data not shown). Generally, all of the strains (wild-type and all deletants) were highly resistant to aminoglycosides, bile, macrolides, and dyes and detergents (MICs ‡ 256 mg/L); therefore, changes in susceptibility, if any, were impossible to determine.
Discussion
Bacterial RND family efflux transport systems (particularly the Pseudomonas Mex systems) have been intensely studied in the last decade. 8 The MexPQ-OpmE and MexMN-OprM systems were recently identified and added to the seven systems already described as functional RND efflux transporter systems in P. aeruginosa. [23] [24] [25] [26] [27] [28] [29] [30] Of these, one system (MexAB-OprM) is constitutively expressed, two are inducibly expressed (MexCD-OprJ and MexXY) and the remaining six systems are silent or very weakly expressed in wild-type P. aeruginosa. 23, 31 These pumps can confer low-level protection that facilitates the initial survival of the organism in the presence of an antimicrobial agent and thus provides it with the opportunity to subsequently acquire high-level and clinically relevant resistance.
The RND efflux pump genes in B. fragilis (bmeB1-16) differ from those in Pseudomonas in several respects: (i) all of the bmeB efflux pump genes are transcribed; (ii) all of the bmeB efflux pump genes have a unique associated OMP channel gene, 9 [in contrast to Pseudomonas RND (mex) efflux pump genes]; 31 and (iii) one efflux system operon (bmeABC11) has two efflux pump genes (bmeB11 and bmeB11 0 ) separated by an omp gene (one of the mex operons in Pseudomonas also has two pump genes, 31 but they abut each other on the operon). We also found that one outer membrane channel gene is actually contiguous with its associated pump gene (bmeB10) without a separate start codon. 9 To our knowledge this has not been reported in any other bacterium. Also, bmeB11 0 was not differentially expressed along with bmeB11 (data not shown) suggesting that the two genes are not co-expressed. We do not know if the two contiguous mex genes in Pseudomonas are co-expressed. Functions of the various efflux pumps have been studied either by cloning and overexpressing single pumps (or pump operons) in a supersusceptible host 32 or by constructing sets of strains in which one or several pump component(s) are deleted. 6, [33] [34] [35] [36] [37] The first approach provides a clearer description of the substrate profile of the efflux pump. The second approach allows for the determination of the contributory effects of efflux pumps to a resistance profile and detection of compensatory effects of other efflux pumps which may be important in clinical resistance and it has usually been found that expression of any one pump may have an impact on the expression of others. 5 In our studies, single and double deletions of the selected bmeB genes did not affect expression of other bmeB genes or MIC profiles (except for bmeB3). When more than two efflux pump genes were deleted, however, others were differentially expressed and the MIC profile altered. A schematic summary of the various deletions, changes in expression and changes in MIC is presented in Figure 2 . The complexity of the data does not allow for elucidation of the cause and effect relationships at this point. Rather, several possibilities can be considered: (i) increases and decreases in particular antimicrobial MICs are coordinated with increased expression or absence of bmeB3, strongly suggesting that BmeB3 can pump out these agents. The simultaneous absence of pumps BmeB1, 12 and 15 in the triple deletant WAL 189 strain may cause an increase in BmeB3, perhaps to remove toxic substances from the cell. This may also explain why WAL 189-tetS spontaneously gave rise to WAL 189-tetR, without any apparent selection pressure. We considered that the extremely high level of tetracycline resistance might be due to co-induction with other tetracycline resistance elements, but tet(A)Q2 was not overexpressed (data not shown); (ii) the simultaneous absence of bmeB1, bmeB3 and bmeB12 in WAL 215 may directly cause decreased MICs of certain antimicrobials, or the absence of these three pumps genes might cause an increase in bmeB9 expression and a compensatory decrease in expression of bmeB11, which in turn results in reduced MICs of these agents. The decreased MICs may also be due to a combination of these changes; (iii) the additional removal of bmeB15 (to the strain already missing bmeB1, 3 and 12) in WAL 219 resulted in an increase in bmeB16 expression with a corresponding increase in norfloxacin MICs; and (iv) the MIC profiles for the various pump deletants indicate substrate overlap, similar to the Pseudomonas pumps. Compensatory expression changes have been previously reported in other bacteria such as P. aeruginosa, Mycobacterium smegmatis and Salmonella enterica serovar Typhimurium, 3, 36, 38, 39 and Li et al. 36 suggest that these changes may serve to maintain net expression of these pumps at a certain level of expression. Lee et al. 37 proposed a model in which pumps of the same class work in parallel with additive effects, while pumps of different classes work in series with multiplicative enhancement of efflux activity. In pumps with substrate overlap, inhibition of all pumps would be necessary to achieve a substantial effect. As more pumps are implicated in antimicrobial efflux, the predictions become even more complex.
Like other Gram-negative bacteria, the B. fragilis genome also contains efflux systems from other classes including ATP-binding cassette (ABC) (n = 10), major facilitator superfamily (MFS) (n = 3) and MATE (n = 15) pumps (http://www.sanger.ac.uk/ projects/B_fragilis/). Understanding the nature of the interplay among the RND pumps, as well as their interaction with pumps in other classes, has important implications for drug design, both of antimicrobials and of EPIs as potentiating agents. 40 In conclusion, these data demonstrate that: (i) all sixteen bmeB genes are expressed constitutively; (ii) BmeB1, BmeB3, BmeB9, BmeB11, BmeB12, BmeB15 and BmeB16 are functional efflux pumps and have overlapping substrate profiles; (iii) BmeABC pumps can cause intrinsic resistance; (iv) increased expression of bmeABC pumps can cause high-level multiple antibiotic resistance; and (v) deletion of bmeB3 can singly reduce MIC values of some antimicrobial agents. Taken together, the data strongly suggest a complex regulatory feedback system simultaneously involving multiple pumps.
